THE USE OF CONTRAST-ENHANCED MAGNETIC RESONANCE IMAGING TO IDENTIFY REVERSIBLE MYOCARDIAL DYSFUNCTION

A BSTRACT
Background Recent studies indicate that magnetic resonance imaging (MRI) after the administration of contrast material can be used to distinguish between reversible and irreversible myocardial ischemic injury regardless of the extent of wall motion or the age of the infarct. We hypothesized that the results of contrast-enhanced MRI can be used to predict whether regions of abnormal ventricular contraction will improve after revascularization in patients with coronary artery disease.
Methods Gadolinium-enhanced MRI was performed in 50 patients with ventricular dysfunction before they underwent surgical or percutaneous revascularization. The transmural extent of hyperenhanced regions was postulated to represent the transmural extent of nonviable myocardium. The extent of regional contractility at the same locations was determined by cine MRI before and after revascularization in 41 patients.
Results Contrast-enhanced MRI showed hyperenhancement of myocardial tissue in 40 of 50 patients before revascularization. In all patients with hyperenhancement the difference in image intensity between hyperenhanced regions and regions without hyperenhancement was more than 6 SD. Before revascularization, 804 of the 2093 myocardial segments analyzed (38 percent) had abnormal contractility, and 694 segments (33 percent) had some areas of hyperenhancement. In an analysis of all 804 dysfunctional segments, the likelihood of improvement in regional contractility after revascularization decreased progressively as the transmural extent of hyperenhancement before revascularization increased (P<0.001). For instance, contractility increased in 256 of 329 segments (78 percent) with no hyperenhancement before revascularization, but in only 1 of 58 segments with hyperenhancement of more than 75 percent of tissue. The percentage of the left ventricle that was both dysfunctional and not hyperenhanced before revascularization was strongly related to the degree of improvement in the global mean wall-motion score (P<0.001) and the ejection fraction (P<0.001) after revascularization. N patients with coronary artery disease and left ventricular dysfunction, the distinction between reversible and irreversible myocardial injury is important. The identification of viable myocardium is useful in predicting which patients will have increased left ventricular ejection fractions [1] [2] [3] [4] [5] [6] [7] and improved survival [8] [9] [10] [11] after revascularization. Noninvasive methods for assessing myocardial viability include positron-emission tomography, single-photon-emission computed tomography, and dobutamine echocardiography. These techniques have proven clinical utility, but each has limitations that may reduce its diagnostic accuracy. For example, they interpret myocardial viability as an all-or-none phenomenon within a myocardial region, since none can assess the transmural extent of viability of the ventricular wall.
Conclusions
Magnetic resonance imaging (MRI) with a gadolinium-based contrast agent offers high spatial resolution and can identify acute myocardial infarction, [12] [13] [14] [15] [16] and this technique continues to be improved. In a canine model of myocardial infarction, the average image intensity of infarcted myocardium, evaluated with use of a novel MRI approach, was 1080 percent as high as that of normal regions, as compared with a difference of approximately 86 percent with the use of previously reported MRI techniques. 17 Another study in dogs demonstrated that this technique also delineates the transmural extent of infarction and distinguishes between reversible and irreversible myocardial injury regardless of the extent of wall motion at rest, the age of the infarct, or the reperfusion status. 18 In the current study, we tested the hypothesis that this new MRI technique can be used to predict whether or not regions of myocardial dysfunction will improve after revascularization.
METHODS
Patients
Sixty-one patients were prospectively enrolled between January 7, 1998, and September 30, 1999. Patients were selected if they were scheduled to undergo revascularization; had abnormalities in regional wall motion on either contrast ventriculography or echocardiography; did not have unstable angina, New York Heart Association class IV heart failure, or contraindications to MRI (e.g., a pacemaker); and gave written informed consent. The protocol was approved by the institutional review board of Northwestern University. The study group consisted of 50 consecutive patients (44 men and 6 women; mean [±SD] age, 63±11 years) who underwent MRI before undergoing revascularization. In the case of the other 11 patients, 9 decided not to undergo revascularization and in 2, MRI could not be performed before revascularization. No patient was excluded from the study for technical reasons or reasons of image quality, and all 50 patients are included in the analysis.
Twenty-one patients (42 percent) had a documented history of myocardial infarction, and six were studied within two weeks after infarction. The mean interval between MRI and revascularization was 18±25 days, and no patient had clinical evidence of infarction during this period. In 41 patients, MRI was repeated a mean of 79±36 days after revascularization (27 patients underwent coronary-artery bypass surgery, and 14 percutaneous transluminal coronary angioplasty). Of the remaining nine patients, one had died, two were lost to follow-up, two had had a pacemaker implanted, and four declined to return. Two patients had biochemical evidence of infarction after coronary-artery bypass surgery and before the follow-up MRI.
MRI
For MRI, each patient was placed supine in a 1.5-T clinical scanner (Siemens Symphony, Erlangen, Germany), and a phased-array receiver coil was placed on the chest for imaging. All images were acquired while the patient held his or her breath for approximately 8 seconds and were gated to the electrocardiogram. Cine images were acquired in six to eight short-axis views and two long-axis views. The acquisition of short-axis views began 1 cm below the level of the mitral-valve-insertion plane and continued in 1-cm increments through the left ventricle. A commercially available gadolinium-based contrast agent (gadopentetate dimeglumine or gadoteridol) was then administered intravenously at a dose of 0.2 mmol per kilogram of body weight, and contrast-enhanced images were acquired in the same views as those used for cine MRI. Contrast-enhanced images were acquired with the use of a segmented inversion-recovery sequence that has been described previously. 17, 18 The typical voxel size was 1.9 by 1.4 by 6 mm.
Analysis of Images
Registration
The sets of cine and contrast-enhanced images acquired before revascularization had been obtained during the same MRI session ( Fig. 1 ) and thus did not need to be aligned (registered). The registration of cine MRI views acquired before revascularization with those acquired afterward was agreed on by two observers, and the process was facilitated by the fact that double-oblique short-axis "scout" images were always obtained in the same manner and that images were acquired throughout the left ventricle.
Definition of Segments
We analyzed cine images and contrast-enhanced images using a model in which the left ventricle was divided into 12 circumferential segments on up to six short-axis views (Fig. 1 ). For patients who were undergoing coronary-artery bypass surgery, all segments were considered to be undergoing revascularization (mean number of grafts, 3.3±0.7). For patients who were undergoing percutaneous transluminal coronary angioplasty, segments were considered to be undergoing revascularization according to the following scheme: sectors 2 to 5 were considered to represent the territory of the left circumflex artery, sectors 6 to 9 the territory of the right coronary artery, and sectors 10 to 1 the territory of the left anterior descending coronary artery.
Scoring
Cine images obtained before and after revascularization were placed in random order and analyzed by two observers who were unaware of the patient's identity and the findings on contrastenhanced MRI. Contrast-enhanced images were also placed in random order and analyzed by two observers who were unaware of the patient's identity and the findings on cine MRI after revascularization. To reduce the potential for observer bias, full sets of cine and contrast-enhanced images from 13 additional patients with coronary artery disease and ventricular dysfunction who did not undergo revascularization were also included in the randomization.
The extent of segmental wall thickening (i.e., the degree of wall motion or contractility) was agreed on by the two observers and graded on a five-point scale in which a score of 0 indicated normal findings, a score of 1 mild or moderate hypokinesia, a score of 2 severe hypokinesia, a score of 3 akinesia, and a score of 4 dyskinesia. Since after administration there is some uptake of contrast medium throughout the heart, we assessed areas with greatly increased uptake, or hyperenhancement. The extent of hyperenhanced tissue within each segment (referred to as the transmural extent of hyperenhancement) (Fig. 1) was agreed on by the two observers and graded on a 5-point scale in which a score of 0 indicated no hyperenhancement, a score of 1 hyperenhancement of 1 to 25 percent of the tissue in each segment, a score of 2 hyperenhancement of 26 to 50 percent of the tissue, a score of 3 hyperenhancement of 51 to 75 percent of the tissue, and a score of 4 hyperenhancement of 76 to 100 percent of the tissue. In order to assess variability between observers, one third of the images (1075 segments) were read by a third independent observer.
Image Intensity
For each patient with findings of hyperenhancement, we used a single short-axis image with the largest region of hyperenhancement to compare the intensity of the hyperenhanced region with that of regions without hyperenhancement.
Ejection Fraction
To determine the ejection fraction, an observer who was unaware of the results of contrast-enhanced MRI outlined the left ventricular borders on the short-axis cine images. The ejection fraction was calculated by subtracting the volume at end systole from the volume at end diastole and dividing the result by the volume at end diastole.
Statistical Analysis
We used two-sample t-tests to compare continuous variables, which were expressed as means ±SD. We used both the chi-square test for trend and a logistic-regression model with a repeated-measures variable for the patient, to adjust for the nonindependence of the data (S-Plus 2000 software for nonlinear mixed-effects models 19 ), to assess the relation between the transmural extent of hyperenhancement and improvement in contractility. We used linear regression analysis to examine the relation between viability and changes in global ventricular function. We used kappa values 20 and the Spearman correlation coefficient to assess differences between observers in the scoring of wall-motion abnormalities and hyperenhancement, respectively. All statistical tests were two-tailed, and all P values of less than 0.05 were considered to indicate statistical significance.
RESULTS
MRI
Contrast-enhanced MRI demonstrated hyperenhancement in 40 of the 50 patients (80 percent) before revascularization. The mean intensity of hyperenhanced regions was 530±195 percent of that of regions without hyperenhancement. In all patients with hyperenhancement, the difference in image intensity between these two regions was more than 6 SD. had Q waves on electrocardiograms, 18 had hyperenhancement. Only 2 of these 18 patients had fully transmural hyperenhancement.
For the 41 patients who underwent imaging after revascularization, the mean ejection fraction was 43± 13 percent before revascularization and 47±12 percent after the procedure. Eighteen patients (44 percent) had an increase in the ejection fraction of at least 5 percentage points.
Distribution of Scores
In a total of 2093 matched segments, the degree of hyperenhancement was assessed before revascularization and the extent of wall motion was assessed before and after revascularization. Before revascularization, 804 of the 2093 segments (38 percent) had abnormal contractility, whereas 694 segments (33 percent) had some areas of hyperenhancement. After revascularization, 425 of the 804 segments with abnormal contractility (53 percent) improved, including 59 percent of the segments with mild or moderate hypokinesia before revascularization, 58 percent of those with severe hypokinesia, and 30 percent of those with akinesia or dyskinesia. Figure 3 shows representative cine images and contrast-enhanced images in two patients. Regional func- The patient with reversible dysfunction had severe hypokinesia of the anteroseptal wall (arrows), and this area was not hyperenhanced before revascularization. The contractility of the wall improved after revascularization. The patient with irreversible dysfunction had akinesia of the anterolateral wall (arrows), and this area was hyperenhanced before revascularization. The contractility of the wall did not improve after revascularization. tion recovered in the patient who did not have hyperenhancement of the dysfunctional region on MRI before revascularization, but it did not recover in the patient who had extensive hyperenhancement of the dysfunctional region before revascularization. The transmural extent of hyperenhancement was significantly related to the likelihood of improvement in contractility after revascularization (Fig. 4) . When all segments that were dysfunctional before revascularization were analyzed, the proportion with improved contractility decreased progressively as the transmural extent of hyperenhancement increased (P<0.001). Thus, contractility increased in 256 of 329 segments (78 percent) with no hyperenhancement, but in only 1 of 58 segments with hyperenhancement of more than 75 percent of tissue. The same relation between the transmural extent of hyperenhancement and contractile improvement was found in segments with at least severe hypokinesia at base line (P<0.001) and in segments with akinesia or dyskinesia at base line (P< 0.001). When we reanalyzed the segmental data with a logistic-regression model that included a repeatedmeasures variable for the patient to adjust for the nonindependence of the data, we found the same relation between hyperenhancement and contractile improvement (P<0.001). The mean transmural extent of hyperenhancement was 10±7 percent for the group of dysfunctional segments with improved contractility and 41±14 percent for the group with no improvement in contractility (P<0.001).
Relation between Viability and Improved Contractility
In the case of the 1075 segments that were assessed by a third independent observer, the kappa value for improvement in contractility was 0.59 (95 percent confidence interval, 0.53 to 0.64), indicating that the degree of agreement was moderate to good. For all five categories of hyperenhancement, there was a positive relation (Spearman r=0.74, P<0.001) between the scores determined by the first set of observers and The New England Journal of Medicine those determined by the third observer, and the concordance was 99 percent (defined as scores that were within 1 point of each other).
Relation between Viability and Improvement in Global Ventricular Function
For each patient, we estimated the percentage of the left ventricle that was dysfunctional but viable before revascularization. We calculated this percentage by adding the number of segments that were dysfunctional but predominantly viable (defined as hyperenhancement of no more than 25 percent of the tissue in each segment) and then dividing the total by the total number of segments in the left ventricle. An increasing extent of dysfunctional but viable myocardium before revascularization correlated with greater improvements in both the mean wall-motion score (P<0.001) and the ejection fraction after revascularization (P<0.001) (Fig. 5) .
DISCUSSION
Contrast-enhanced MRI of the heart with gadolinium-based contrast agents has been performed since 1984. 21 However, because this method produces only moderate differences in intensity between hyperenhanced regions and regions without hyperenhancement, its use has primarily been limited to the study of large, transmural acute infarcts. [12] [13] [14] 16, 22 Recent technical refinements in contrast-enhanced MRI may improve the delineation of hyperenhanced regions 10-fold. 17 Using these new approaches, we found that the intensity of hyperenhanced regions was more than 500 percent of that of regions without hyperenhancement, and the difference in image intensity between these two regions was on average 14 SD.
An important advantage of contrast-enhanced MRI over other imaging methods that are used to assess myocardial viability is that it shows the transmural extent of viable myocardium. For example, the mid- The New England Journal of Medicine dle panels of Figure 2 show a patient with hyperenhancement of the inferolateral wall of the left ventricle. With the use of contrast-enhancement criteria, the inferolateral wall would not be interpreted in a binary fashion as either viable or nonviable, but the endocardial portion, which is hyperenhanced, would be interpreted as nonviable, and the epicardial rim, which is not hyperenhanced, would be interpreted as viable. This ability to highlight nontransmural involvement is made possible by the high spatial resolution of contrast-enhanced MRI in addition to the large difference in intensity between hyperenhanced regions and regions without hyperenhancement. The ability of contrast-enhanced MRI to identify even small regions of nonviable tissue may in part explain why we found that 80 percent of the patients had regional hyperenhancement even though only 42 percent had a documented history of myocardial infarction.
We found that 256 of 329 dysfunctional regions (78 percent) identified as completely viable (i.e., without hyperenhancement) by contrast-enhanced MRI had an improvement in contractility after revascularization. This finding is similar to the results of other investigators who used thallium scintigraphy 4, 5, 23 and 18 F-fluorodeoxyglucose positron-emission tomography, 3, 24 and found that 62 to 88 percent of the myocardial regions with normal uptake of tracer had improved function after revascularization. Several other factors, in addition to limitations in the imaging techniques, may account for the lack of functional improvement in some regions deemed viable. First, the use of a single evaluation of ventricular function soon after revascularization may lead to an underestimation of the true rate of functional recovery. 25, 26 Second, tethering of regions with extensive scarring to viable regions may inhibit the response of viable regions to revascularization. 27, 28 Third, even if it is technically successful, coronary revascularization may be incomplete, particularly in patients with extensive atherosclerosis and diffuse disease. 5 In our study, the likelihood of functional improvement in regions without hyperenhancement was 86 percent for segments with at least severe hypokinesia and 100 percent for segments with akinesia or dyskinesia. Thus, unlike nuclear scintigraphy and dobutamine echocardiography, which appear to have reduced predictive accuracy if more severe dysfunction is present, 7 contrast-enhanced MRI had greater accuracy in segments with the most severe dysfunction. This high level of accuracy, even in patients with severe ventricular dysfunction, may be related to the ability of contrast-enhanced MRI to delineate the transmural extent of viable and nonviable myocardium through the ventricular wall.
The relation between the transmural extent of viability and the likelihood of functional improvement after revascularization has not been assessed directly in previous studies. Maes et al., 29 however, reported fibrosis of 11±6 percent of tissue in needle-biopsy specimens of regions with functional improvement after revascularization, and fibrosis of 35±25 percent of tissue in regions without improvement. More recently, Dakik et al. 30 reported similar findings. Although only a small number of biopsies were performed, these results are similar to ours, since we found that the mean transmural extent of hyperenhancement was 10±7 percent in regions with improved contractility after revascularization and 41±14 percent in regions with no improvement in contractility.
The relation that we found indicates that the use of a single cutoff value for hyperenhancement on which to base predictions of functional improvement would not have a physiologic basis and therefore would be suboptimal. If a cutoff value of 25 percent were chosen, the positive and negative predictive values would be 71 and 79 percent, respectively, for regions with any degree of dysfunction and 88 and 89 percent, respectively, for regions with akinesia or dyskinesia. Although these values are similar to those reported previously, 31 such an approach does not take advantage of the large amount of diagnostic information provided by contrast-enhanced MRI. For example, if a cutoff value of 75 percent were chosen, none of the 57 segments with at least severe hypokinesia at base line would be considered to have increased contractility after revascularization, yielding a negative predictive accuracy of 100 percent. Knowledge of the transmural extent of viability may have diagnostic importance apart from its use in the prediction of functional recovery. In our study, 90 percent of the regions with hyperenhancement of 51 to 75 percent of tissue before revascularization did not improve after revascularization. These regions would be considered nonviable according to the wallmotion-improvement criteria, even though a sizable epicardial rim of viable tissue is present. Samady et al. 32 demonstrated that the survival rate after coronaryartery bypass surgery was similar among patients with preoperative ventricular dysfunction whether or not function improved after surgical revascularization. Their hypothesis that there may be an intermediate degree of viability that increases the likelihood of a good outcome after revascularization but does not improve resting contractile function is consistent with our findings. The detection of an epicardial rim of viable tissue by enhanced MRI represents diagnostic information that is not available with the use of other noninvasive imaging techniques.
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